Nitric oxide (NO) deficiency is involved in the development of hypertension, a condition that can originate early in life. We examined whether NO deficiency contributed to programmed hypertension in offspring from mothers with calorie-restricted diets and whether melatonin therapy prevented this process. We examined 3-month-old male rat offspring from four maternal groups: untreated controls, 50% calorie-restricted (CR) rats, controls treated with melatonin (0.01% in drinking water), and CR rats treated with melatonin (CR + M). The effect of melatonin on nephrogenesis was analyzed using next-generation sequencing. The CR group developed hypertension associated with elevated plasma asymmetric dimethylarginine (ADMA, a nitric oxide synthase inhibitor), decreased l-arginine, decreased l-arginine-to-ADMA ratio (AAR), and decreased renal NO production. Maternal melatonin treatment prevented these effects. Melatonin prevented CR-induced renin and prorenin receptor expression. Renal angiotensinconverting enzyme 2 protein levels in the M and CR + M groups were also significantly increased by melatonin therapy. Maternal melatonin therapy had long-term epigenetic effects on global gene expression in the kidneys of offspring. Conclusively, we attributed these protective effects of melatonin on CR-induced programmed hypertension to the reduction of plasma ADMA, restoration of plasma AAR, increase of renal NO level, alteration of renin-angiotensin system, and epigenetic changes in numerous genes.
Introduction
Hypertension might originate during early life. Maternal malnutrition can impair development, resulting in intrauterine growth restriction (IUGR), permanent structural changes, and disrupted physiological function-a phenomenon called "developmental programming" [1] . In the kidneys of both humans and experimental models, developmental programming reduces nephron numbers, alters the renin-angiotensin system (RAS), and impairs natriuresis, leading to adult kidney disease and hypertension [2] [3] [4] [5] .
A number of hypotheses have been proposed to explain the developmental programming phenomenon [6] . Oxidative stress is proposed as the underlying link between developmental programing and elevated risks of hypertension and kidney disease in adulthood [7, 8] . Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NO synthase (NOS), causes oxidative stress and is involved 2 Oxidative Medicine and Cellular Longevity in the development of hypertension [9] . Our recent work demonstrated that an impaired ADMA-NO pathway and low nephron numbers are associated with programmed hypertension in the adult offspring of malnourished or diabetic mothers [10, 11] . Reduced nephron numbers impaired renal tubular sodium reabsorption, and the altered RAS components disrupted sodium retention, ultimately increasing blood pressure (BP) and inducing kidney damage. Histone deacetylases (HDACs) repress gene expression, a mechanism of epigenetic control that is involved in developmental programming. Class I HDACs are critical in nephrogenesis, particularly HDAC1-3 that are highly expressed in nephron precursors [12] . HDACs also play an important role in regulating RAS components during nephrogenesis [13] . These observations suggest that these mechanisms jointly lead to the development of hypertension and kidney disease.
Melatonin, an indoleamine produced from the pineal gland, is an antioxidant and free radical scavenger [14] . Experimental and human studies indicate that melatonin can regulate BP [10, 11] . We recently found that melatonin can prevent oxidative stress and hypertension concurrently in young spontaneously hypertensive rats (SHR) [15] . Emerging evidence supports novel roles of melatonin in epigenetic modulation through the regulation of HDACs [16, 17] . Thus, we examined whether melatonin prevented programmed hypertension in offspring exposed to maternal caloric restriction through reduction of oxidative stress, alteration of the RAS pathway, and modulation of HDACs. Moreover, we identified melatonin-induced gene changes during nephrogenesis and determined whether melatonin treatment induced global changes in biological processes by using next-generation sequencing.
Material and Methods

Animal Models.
This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of the Kaohsiung Chang Gung Memorial Hospital. Virgin Sprague-Dawley (SD) rats (12-16 weeks old) were obtained from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan), and were housed and maintained in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. Male SD rats were caged with individual females until mating was confirmed. Calorie-restricted (CR) maternal rats received 11 g/d of a standard chow from day 11 of pregnancy until the day of delivery (day 23) and 20 g/d during the entire lactation period [10] . A subset of CR mothers was treated for the duration of the pregnancy with 0.01% melatonin dissolved in drinking water (CR + M, = 8). The control group ( = 8) mothers had free access to standard rat chow. As another control, maternal rats were allowed free access to standard rat chow and were treated with 0.01% melatonin in drinking water (M, = 10). After birth, each litter was left with the mother until weaning; pups were not weighed at birth to prevent maternal rejection. Male offspring, selected at random from each litter, were used in all subsequent experiments. In rats, nephrogenesis occurs predominantly from late gestation to 1-2 weeks postnatum and litters were typically weaned by postnatal week 3. Thus, melatonin was administered to mother rats for a total period of 6 weeks to cover the entire period of nephrogenesis. The dose of melatonin used was based on our previous study [15] . Water bottles were covered with aluminum foil to protect them from light. BP was measured in conscious rats by using an indirect tail-cuff method (BP-2000, Visitech Systems, Inc., Apex, NC, USA) after they had been systematically trained [10] . Three stable consecutive measures were taken and averaged. All offspring were sacrificed at 12 weeks of age and heparinized blood samples were collected. Kidneys were harvested after perfusion with PBS, divided into cortex and medulla regions, and snap-frozen. The activity of dimethylarginine dimethylaminohydrolase (DDAH), an ADMA-metabolizing enzyme, was measured using a colorimetric assay. The assay determined the rate of l-citrulline production and we performed the assay as previously described [18] .
High-Performance Liquid Chromatography (HPLC).
Plasma and kidney l-arginine, l-citrulline, ADMA, and symmetric dimethylarginine (SDMA, a stereoisomer of ADMA) levels were measured using HPLC (HP series 1100, Agilent Technologies, Inc., Santa Clara, CA, USA) with the OPA-3MPA derivatization reagent as we described previously [10] . Standards contained l-arginine, l-citrulline, ADMA, and SDMA in the range of 1-100 M, 1-100 M, 0.5-5 M, and 0.5-5 M, respectively. The recovery rate was between 90 and 105%. The tissue concentration was factored for protein concentration, which was represented as mol/mg protein. Plasma and urine creatinine (Cr) levels were analyzed by HPLC as described previously [10] . The creatinine clearance (CCr) was calculated by dividing the total amount of Cr excreted in urine by the Cr concentration in plasma. CCr values were normalized with respect to body weight.
Electron Paramagnetic Resonance (EPR).
Superoxide production was measured by EPR spectroscopy using a 1-hydroxy-3-carboxypyrrolidine (CPH) hydroxylamine spin probe, as we previously described [11] . The EPR spectra were recorded using an EMX Plus EPR spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped with an EMXm40X microwave bridge operating at 9.87 GHz. NO was detected by EPR using N-methyl-D-glucamine dithiocarbamate (MGD) spin probe and FeSO 4 , as previously described [11] . The EPR spectra were recorded using an EMX Plus EPR spectrometer (Bruker BioSpin) equipped with an EMXm40X microwave bridge operating at 3.16 GHz.
Metanephros Organ
Culture. Metanephros organ culture was performed as we described previously [11] . Briefly, SD female rats of known mating date were anesthetized and laparotomized. Fetuses were aseptically removed, and metanephroi from fetuses at embryonic day 14 (E14) were collected and freed of exogenous tissue. Explants were placed onto a Steritop filter unit (Millipore, Billerica, MA, USA)
Oxidative Medicine and Cellular Longevity 3 floating on a defined serum-free medium and incubated for 6 d in 35 mm Petri dishes at 37 ∘ C in a humidified incubator (5% CO 2 ). The defined medium was composed of Eagle's Minimum Essential Medium containing 10% (v/v) fetal calf serum, 100 units/mL penicillin, and 100 g/mL streptomycin. All of these reagents were obtained from Sigma (St. Louis, MO, USA). The culture medium was changed daily, and no antibiotic or fungicide was present throughout the experiment. Fresh aliquots of each culture medium additive were used for each metanephros culture. The medium was changed daily. Metanephroi were treated with melatonin (1 M and 1 mM) and harvested after 6 d for real-time polymerase chain reaction.
Quantitative Real-Time Polymerase Chain Reaction (PCR)
. RNA was extracted as described previously [10] . Twostep quantitative real-time PCR was conducted using the QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA, USA) and the iCycler iQ Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Nephron deficit was assessed by changes in the expression factors known to be involved in branching morphogenesis (BMP4, FGF2, and PAX2) and apoptosis (p53 and Bax). Several components of the RAS were analyzed including renin, prorenin receptor (PRR), angiotensinogen (AGT), angiotensin-converting enzyme (ACE), ACE2, angiotensin II type 1 (AT1R) and 2 receptor (AT2R), and angiotensin (1-7) MAS receptor. Class I HDACs, HDAC-1, -2, -3, and -8, were also examined. We used 18S rRNA (r18S) as a reference. Primers were designed using GeneTool Software (BioTools, Edmonton, Alberta, Canada) ( Table 1 ). All samples were run in duplicate. To quantify the relative gene expression, the comparative threshold cycle (C T ) method was employed. For each sample, the average C T value was subtracted from the corresponding average r18S value, calculating the ΔC T . ΔΔC T was calculated by subtracting the average control ΔC T value from the average experimental ΔC T . The fold-increase of the experimental sample relative to the control was calculated using the formula 2 −ΔΔC T .
Western Blot.
Western blot analysis was performed as previously described [10] . We used the following antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA): rabbit polyclonal anti-rat PRR (1 : 500, overnight incubation), rabbit anti-rat ACE2 (1 : 1000, overnight incubation), rabbit anti-rat AT1R (1 : 250, overnight incubation), rabbit anti-rat AT2R (1 : 250, overnight incubation), and rabbit anti-rat MAS (1 : 1000, overnight incubation; Santa Cruz Biotechnology). 
Results
The Effects of Melatonin on Morphological and Biochemical
Values in CR Rats. Litter sizes were not significantly altered by caloric restriction in the mother rat or by melatonin treatment. The amounts of water intake and urine output were not significantly different in the control and CR groups. Male pup mortality rates did not differ between the four groups analyzed. As shown in Table 2 , the CR and M groups had lower and higher body weight (BW) than the control at 12 weeks of age, respectively, whereas the CR + M group had an intermediate BW. Kidney weight and kidney weightto-BW ratio did not differ between the control and CR groups. Melatonin significantly increased kidney weight and kidney weight-to-BW ratio in the M and CR + M groups. Although heart weight was not different between control and CR groups, the heart weight-to-BW ratio was greater in the CR group. Melatonin caused increased heart weight and heart weight-to-BW ratio in the M group, but not in the CR + M group. CR increased systolic and diastolic BP and mean arterial pressure at 12 weeks of age. Melatonin therapy prevented these effects of CR. In addition, melatonin therapy reduced diastolic BP and mean arterial pressure in the M group compared to the control. As shown in Figure 1 , mean arterial pressure was similar in the four groups at 4 weeks of age. By 8 weeks of age, mean arterial pressure had increased in the CR group relative to controls. A significant reduction in mean arterial pressure was measured in the M and CR + M groups versus the control at 8 and 12 weeks of age. In contrast, plasma creatinine level did not differ between the four groups. These data demonstrated that CR induced programmed hypertension but had no effect on renal function on 12-week-old offspring.
The Effects of
Melatonin on l-Arginine, l-Citrulline, and Dimethylarginine Levels. As shown in Table 3 , plasma levels of ADMA and SDMA were elevated nearly 70% and 150% following maternal CR, respectively. In contrast, the l-arginine levels and l-arginine-to-ADMA ratio were decreased by 30% and 55%, respectively. Melatonin treatment significantly increased l-arginine levels and l-arginine-to-ADMA ratio, but decreased ADMA and SDMA levels in the CR + M group. In the kidney, levels of l-citrulline, l-arginine, ADMA, and SDMA did not differ between the four groups. However, renal l-arginine-to-ADMA ratio was higher in the CR + M group versus the M group. We next analyzed superoxide and NO production in the kidney by using EPR. We found no difference in renal superoxide level among the four groups (control: 745±28, CR: 823±107, M: 665±35, CR + M: 757±42 arbitrary units; > 0.05). CR significantly reduced renal NO levels, but not in the presence of melatonin (control: 412 ± 43, CR: 284 ± 18, M: 308 ± 34, CR + M: 414 ± 55 arbitrary units; control versus CR, < 0.05; CR versus CR + M, < 0.05).
Melatonin on the ADMA Pathway. Next, we examined the expression/activity of proteins involved in the ADMA pathway. We found that renal level of protein arginine N-methyltransferase 1 (PRMT-1), an ADMA-synthesizing enzyme, was significantly lower in the M and CR + M groups than that in control and CR groups (Figure 2(b) ). However, protein levels of DDAH-1 and -2, ADMA-metabolizing enzymes, in the kidney were not different between the four groups (Figures 2(c) and 2(d)). We found that renal DDAH activity did not differ between control and CR groups ( Figure 2 (e)). However, melatonin increased renal DDAH activity in both the M and CR + M groups. Thus, we speculate that the increase of systemic ADMA observed with CR is due to excessive synthesis or decreased metabolism in extrarenal tissues. On the other hand, the reduced plasma ADMA levels in response to melatonin might be due to decreased ADMA synthesis and increased ADMA breakdown in the kidney.
The Effects of Melatonin on Nephrogenesis.
We investigated whether changes in nephrogenesis-or apoptosisrelated gene expression were associated with CR-induced reduced nephron numbers, as we found previously [10] . Consistent with our previous report [10] , renal expression of p53 and the proapoptotic factor Bax did not differ between the control and CR groups ( Figure 3(a) ). Similarly, growth factors BMP4 and FGF2 were unaltered by CR or melatonin in the kidney. However, melatonin significantly increased the expression of the transcriptional activator PAX2 in CR + M group compared to controls ( Figure 3 (a)).
The Effects of Melatonin on Sodium Transporters, RAS, and
HDACs. Next, we evaluated two critical pathways involved in hypertension, sodium transporters and RAS components. We found that CR upregulated sodium-hydrogen exchanger 3 (NHE3) expression in the kidney ( Figure 3(b) ). The increase in renal NHE3 expression was not prevented by melatonin therapy. CR had no effect on the expression of RAS genes in the kidney, including renin, PRR, AGT, ACE, ACE2, AT1R, AT2R, and MAS ( Figure 3(c) ). Melatonin treatment, on the other hand, upregulated renal expression of renin, PRR, and ACE2 in the CR + M group compared to the control. Because melatonin therapy prevented the elevation of BP in offspring exposed to maternal CR, our data suggested that the antihypertensive effect of melatonin was related to renin, PRR, and ACE2 expression in the CR model. We found that CR did not alter renal expression of class I HDACs in the CR versus control group (Figure 3(d) ). However, melatonin therapy increased HDAC-2, -3, and -8 expression in the kidney.
We analyzed the renal protein levels of PRR, ACE2, AT1R, AT2R, and MAS. Melatonin therapy significantly increased renal PRR and ACE2 protein levels in the M and CR + M group compared with the control and CR groups (Figures 4(b) and 4(c)). We observed that renal AT1R, AT2R, and MAS protein levels did not differ among the four groups (Figures 4(d)-4(f)). PRMT-1 We also determined whether melatonin regulated nephrogenesis-related genes, RAS components, sodium transporters, and HDACs during nephrogenesis. The mRNA levels in rat metanephroi grown in different concentrations of melatonin are shown in Figure 5 . We found that low doses of melatonin had no effect on the expression of these genes, whereas high-dose melatonin treatment significantly increased expression of PAX2, renin, PRR, Mas, NHE3, and Na-K-Cl cotransporter 2 in metanephroi.
The Effects of Melatonin on Gene Expression during Nephrogenesis.
We demonstrated that numerous individual genes were significantly regulated in the kidneys of offspring from melatonin-treated mothers during a critical period of renal development. As shown in Table 4 , 439 and 15 genes were upregulated and downregulated, respectively. The most significantly regulated biological theme in the KEGG gene ontology analysis was tryptophan metabolism (Figure 6 ).
Discussion
The major findings of our study can be summarized as follows: (1) CR offspring developed hypertension at 12 weeks of age and this was prevented by maternal melatonin therapy; (2) melatonin restored the CR-induced increase of plasma ADMA level, decreased l-arginine level, and decreased larginine-to-ADMA ratio; (3) CR reduced renal NO level and this was prevented by melatonin; (4) melatonin therapy increased PAX2 mRNA expression in the CR + M group; (5) CR upregulated renin and PRR expression and melatonin suppressed this increase; (6) melatonin therapy significantly increased renal ACE2 protein levels in the M and CR + M group; and (7) the expression of numerous genes was regulated in melatonin-treated offspring kidneys during nephrogenesis.
Our recent work indicates that ADMA-induced NO/reactive oxygen species (ROS) imbalance is involved in the development of hypertension in two different developmental models, maternal caloric restriction, and maternal diabetes [10, 11] . Several lines of evidence in this study indicated that ADMA-induced NO/ROS imbalance is involved in the developmental programming of hypertension in offspring exposed to maternal caloric restriction. First, plasma levels of the endogenous NOS inhibitor ADMA were increased in the CR group. Second, ADMA and l-arginine both compete for NOS and are present in a ratio that maintains NO homeostasis; this ratio was decreased in the plasma in the CR group. Third, maternal CR decreased renal NO levels in the offspring. Thus, alterations in the ADMA-NO pathway might be a major factor involved in programmed adult hypertension in response to maternal CR. Melatonin is rapidly transferred from maternal to fetal circulation [20] . Administration of melatonin to pregnant rats prevents oxidative stress damage in the brains of offspring [21] . Previously, we showed that melatonin increases NO, restoring NO/ROS balance at the prehypertension stage and leading to lower blood pressure in young SHR [15] . Consistent with these findings, we found that early melatonin therapy in the mother could prevent programmed hypertension in their adult offspring. Thus, we suggest that melatonin has a novel protective effect on programmed hypertension through acting on the ADMA-NO pathway.
In addition to oxidative stress, the RAS plays a fundamental role in the development of hypertension and kidney development [5] . Epigenetic regulation of several RAS components has been reported in different programmed hypertension models [22, 23] . We demonstrated for the first time that melatonin therapy during nephrogenesis increased renin, PRR, and ACE2 expression in the kidney of the adult offspring. Consistent with these data, renal protein levels of PRR and ACE2 were increased in melatonin-treated offspring. Renin-PRR signaling is essential for proper kidney development and is causally linked to hypertension [13] . ACE2 appears to antagonize the effects of ACE through the production of angiotensin (1-7) in a manner that opposes Figure 6 : Enzymes of the tryptophan metabolism pathway that are regulated by melatonin therapy in the kidney (red stars). Data were analyzed using the KEGG Pathway feature of the DAVID software.
the development of hypertension [24] . Surprisingly, melatonin therapy increased ACE2 expression in the kidney and prevented CR-induced programmed hypertension, despite the presence of increased renin and PRR expression. Notably, melatonin upregulated several RAS components and had reciprocal effects on vasodilation and vasoconstriction in rats at 3 months of age. Future studies are required to clarify the underlying mechanisms involved in the differential regulation of RAS components by melatonin. Long-term amelioration of hypertension by melatonin therapy during gestation and lactation may be due to epigenetic changes in the kidney during a critical period of nephrogenesis. We found that melatonin upregulated HDAC-2, -3, and -8 expression in the kidney in CR + M group. This finding is consistent with that of our previous study showing that melatonin increased the expression of both class I and class II HDACs in vitro [25] . Given that melatonin increased class I HDACs expression and that HDACs are primarily thought to repress gene transcription, melatonin likely upregulates gene expression. Conversely, melatonin is known as a class III HDAC inhibitor [17] . Thus, melatonin might have dual effects on HDACs to epigenetically regulate gene expression. To the best of our knowledge, our study is the first to document altered expression of more than 400 genes in the kidney in response to melatonin and implicates melatonin in the protection from programmed hypertension in adult life. Notably, our data imply that melatonin is liable to induce, but not suppress, gene expression in the developing kidney. Using the KEGG database, several biological pathways were proposed to be regulated by melatonin including focal adhesion signaling, the peroxisome proliferator-activated receptors signaling pathway, fatty acid metabolism, the transforming growth factor signaling pathway, and the Wnt signaling pathway. These findings suggest that melatonin might have Oxidative Medicine and Cellular Longevity a global epigenetic effect during nephrogenesis. Interestingly, the most significantly regulated biological theme was tryptophan metabolism, indicating that melatonin might have a negative feedback effect on its precursor tryptophan. Notably, maternal melatonin therapy has adverse effects on survival and renal growth in Wistar-Kyoto rats [26] . Because our data showed that maternal melatonin therapy had strong epigenetic effects, further evaluation is warranted to determine whether early melatonin therapy causes long-term epigenetic changes that lead to adverse effects in adulthood. Previously, we showed that maternal CR reduces nephron numbers in offspring [10] . Increases in renal apoptosis and impaired expression of nephrogenesis-related genes may contribute to this reduction. In contrast to several earlier reports [27, 28] , we found that apoptosis-and nephrogenesisrelated genes were not altered in maternal CR-induced programmed hypertension. Of note, we showed for the first time that melatonin treatment upregulated PAX2 mRNA in metanephroi. Because PAX2 plays a crucial role in kidney development and is associated with various congenital renal and ureteral malformations, further studies are warranted to understand the epigenetic regulation of melatonin on PAX2 during nephrogenesis.
We conclude that prenatal melatonin therapy offsets the effects of maternal CR-induced programmed hypertension in adult offspring, primarily through the restoration of the ADMA-NO balance in the kidney. Our data suggested that a critical window exists during nephrogenesis in which the adult BP can be modified. Moreover, we showed that melatonin can modulate type I HDACs and serve as an inducer of gene expression in the developing kidney. The implications of melatonin-induced epigenetic changes on programmed hypertension in later life remain to be explored.
